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I.  INTRODUCTION 


DDA  has  conducted  a  long  range  series  of  aerodynamical ly  induced  vibration  ex¬ 
periments  in  a  large,  low  speed,  single-stage  compressor.  The  effect  of  aero¬ 
dynamic  and  geometric  variables— such  as  interblade  phase  angle,  reduced  fre¬ 
quency,  blade/vane  axial  gap,  solidity,  camber,  and  incidence— on  the  dynamic 
pressure  field  of  a  downstream  vane  has  been  investigated.  The  objective  of 
these  experiments  has  been  to  provide  experimental  data  for  (1)  phenomenologi¬ 
cal  understanding  of  aerodynamic  induced  vibration  and  (2)  evaluation  of  ana¬ 
lytical  methods. 

Recently,  an  experiment  was  conducted  with  a  large  blade  tip  clearance  of  3.0% 
span,  which  showed  the  dynamic  pressure  field  to  be  very  strongly  three-dimen¬ 
sional  in  the  vane  passage.  Fluctuating  velocity  components  on  the  order  of 
20%-30%  of  the  freestream  absolute  velocity  were  measured  in  the  vane  leading 
edge  hub  and  tip  regions.  In  the  hub  region,  this  wake  disturbance  was  attri¬ 
buted  to  the  buildup  and  subsequent  shedding  of  rotor  hub  endwall  boundary 
layer  flow.  In  the  tip  region,  the  wake  pattern  was  thought  to  be  controlled 
by  the  tangential  flow  through  the  large  (3.0%  span)  blade  tip  clearance.  The 
objective  of  the  present  experiment  was  to  establish  that  it  was,  indeed,  the 
blade  tip  clearance  flow  that  was  the  principal  forcing  function  of  the  vane 
tip  region  dynamic  pressure  field.  For  the  present  experiment  the  rotor  blade 
tip  clearance  was  reduced  to  0.48%  span  and  the  experimental  results  were  com¬ 
pared  with  the  3.0%  span  tip  clearance  findings.  The  results  of  those  blade 
tip  clearance  investigations  are  presented  in  this  report. 
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II.  TEST  CONFIGURATION  AND  INSTRUMENTATION 


TEST  RIG  DESIGN 


The  test  equipment  employed  in  this  investigation  was  the  DDA  Low  Speed  Com¬ 
pressor  Facility  (LSCF).  The  stage  configuration  was  identical  to  that  used 
in  Ref.  1  except  that  the  rotor  was  reworked  to  provide  for  a  very  small  tip 
clearance  between  the  blade  tip  end  and  casing  wall.  Blade  tip  section  rework 
was  accomplished  by  (1)  bonding  0.150  in.  fiberglass  material  to  the  blade 
tips,  (2)  grinding  the  rotor  tip  to  give  the  proper  end  clearance,  and  (3) 
blending  the  attached  material  to  exhibit  the  proper  surface  contour.  An 
average  tip  clearance  of  0.023  in.  (0.48X  blade  span)  was  established. 

The  blading  and  flow  path  of  the  LSCF  have  been  designed  to  reflect  realistic 
aerodynamic  values  of  blockage,  blade  loading  and  loss  levels,  and  tip  clear¬ 
ance,  along  with  realistic  geometric  design  parameters  that  are  typical  of  aft 
stages  of  modern  multistage  compressors.  Also,  the  Reynolds  number  at  the 
compressor  inlet  is  typical  of  modern  compressors,  i.e.,  greater  than  200,000. 
The  blading  and  flow  path  are  physically  large  enough  to  allow  high-quality, 
detailed  endwall  boundary  layer  measurements  to  be  made  over  the  entire  end- 
wall. 

Resulting  geometric  and  design  point  aerodynamic  conditions  for  the  low  speed 
compressor,  along  with  representative  airfoil  geometry,  are  listed  in  Table  1. 


Table  1. 

Low  speed  compressor  design  point. 


Flow  rate,  /S 

31.01  Ib/sec 

Tip  speed,  Ut/^ 

183.5  ft/sec 

Rotational  speed,  N/y0 

876.3  rpm 

Stage  pressure  ratio,  Rc 

1.0125 

Stage  efficiency,  ijjt 

88. 1* 

Inlet  tip  diameter,  0* 

48.0  in. 

Hub/tip  radius  ratio,  rf,/rt 

0.80 

Blade  span,  l 

4.80  in. 

Blade  chord,  C5 

4.589  in. 

Blade  aspect  ratio 

1.046 

Blade  solidity,  C5/S 

1.435 

Vane  chord,  Cv 

5.089  in. 

Vane  aspect  ratio,  1/ Cv 

0.943 

Vane  solidity,  Cv/s 

1.516 
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Rotor  Blade  Design 

The  rotor  and  stator  airfoils  were  designed  with  the  DDA  Axial  Compressor 
Streamline  Curvature  Design  System.  End  clearance  effects  were  computed  by 
the  method  described  in  Ref.  2.  Forty-two  blades  were  used  in  the  rotor  de¬ 
sign.  The  design  features  high  camber  with  fairly  large  deviation  angles  near 
the  hub  region.  Maximum  thickness  varies  from  nearly  7 %  of  chord  at  the  hub 
to  4%  at  the  tip.  The  blade  chord  varies  linearly  with  radius  and  yields  a 
solidity  of  about  1.6  at  the  hub  to  1.3  at  the  tip.  Blade  incidence  was  set 
between  +1.2  to  -1.0  deg  limits.  Fiberglass  material  was  used  for  the  blade 
profile  and  platform.  The  fiberglass  material  was  molded  around  a  flat  steel 
spar  that  passed  from  the  tip  section  of  the  blade  down  through  "he  blade  and 
was  welded  to  a  steel  base  plate.  The  blades  are  held  in  the  :el  by  a  T- 
shaped  base  arrangement  that  allows  blades  to  be  easily  change'  '  the  wheel 
without  disturbing  the  basic  wheel  design. 

Nearly  the  entire  axial  length  of  the  flow  path  features  a  transparent  Plexi¬ 
glas  casing  sector  that  covers  a  circumferential  extent  of  108  deg.  This 
transparent  casing  permits  a  utilization  of  flow  visualization  techniques. 

The  assembled  test  rig  with  1.0  aspect  ratio  blading  is  shown  installed  in  the 
test  facility  in  Figure  1.  Fore  and  aft  center  bodies  are  supported  and, 
hence,  blade  and  vane  end  clearances  are  established  by  five  struts  located  in 
the  far  front  of  the  flow  path  and  five  struts  located  downstream  of  the  sta¬ 
tor.  The  struts  for  the  present  investigation  are  10%  thick  65  series  symmet¬ 
ric  airfoil  contours.  End  clearances  are  0.48%  for  the  rotor  and  0%  for  the 
tip  cantilevered  vanes. 

Table  1  shows  that  both  the  overall  rig  and  the  airfoils  are  large.  The  large 
airfoils  permit  the  detailed,  accurate  endwall  boundary  layer  studies  to  be 
accomplished  without  having  to  resort  to  extreme  miniaturization  of  instrumen¬ 
tation. 
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Figure  1.  Low  speed  compressor  rig  facility. 


Figure  2  illustrates  the  low  speed  compressor  flow  path,  showing  the  blade  and 
vane  locations  along  with  the  transparent  windows  and  the  arrangement  of  the 
rotating  components.  The  flow-path  hub/tip  radius  ratio  was  held  constant  at 
0.8  for  a  large  distance  both  upstream  of  the  rotor  and  downstream  of  the  sta¬ 
tor.  This  flow-path  contour  not  only  simplified  inlet  and  exit  station  in¬ 
strumentation  design  but  also  provided  the  axial  length  upstream  of  the  rotor 
to  dictate  the  characteristics  of  the  rotor  inlet,  boundary  layer. 

Vane  Design 

The  vane  features  a  large  camber  angle  variation  in  the  hub  region,  a  radially 
constant  maximum  thickness/chord  distribution,  and  incidence  that  varies  from 
about  0  to  -1  deg.  Vane  solidity  varies  from  1.68  at  the  hub  to  1.35  at  the 
tip.  Forty  vanes  were  incorporated  in  the  stage  design.  Fiberglass  material 
forms  the  airfoil  profile.  It  is  molded  around  a  steel  spar  that  passes  radi¬ 
ally  through  the  vane  and  is  welded  to  the  steel  trunnion.  The  vane/casing 
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Figure  2.  Low  speed  compressor  flow  path. 


interface  design  allows  the  vanes  to  be  reset  over  +20  deg  from  design  setting 
angle.  Figure  2  shows  the  vanes  cantilevered  from  the  casing  with  a  stationary 
endwall  under  the  vane  hub.  Table  2  summarizes  the  compressor  design  by  pre¬ 
senting  mean-section  aerodynamic  and  geometric  design  values. 

i ub 1 e  2 . 

Airfoil  mean-section  mechanical  and  aerodynamic  characteristics. 


Type  of  airfoil 

65  series 

65  series 

Chord,  C— in. 

4.489 

5.089 

Solidity,  tr  =  C/s 

1.435 

1.516 

Camber,  $  —deg 

20.42 

48.57 

Aspect  ratio,  AR  =  i /C 

1.046 

0.943 

Leading  edge  radius/C 

0.0044 

0.0049 

Trailing  edge  radius/C 

0.0028 

0.0030 

Inlet  angle, 0 }--deg 

59.38 

37.84 

Exit  angle, 0  2""deg 

42.41 

0.00 

Loss  coefficient,  ST 

0.043 

0.056 

Diffusion  factor.  Of 

0.449 

0.410 

INSTRUMENTATION 
Steady-State  Instrumentation 

St.eady-state  instrumentation  consists  of  multiple-element  total  pressure  rakes 
distributed  circumferentially  around  the  annulus  at  the  stage  inlet,  stator 
inlet,  and  stage  exit  planes;  boundary  layer  rakes  on  the  hub  and  tip  walls  at 
the  rotor  inlet  and  stator  exit;  multiple-element  total  temperature  rakes  at 
the  stator  inlet  and  exit;  and  static  pressure  taps  distributed  around  the  an¬ 
nulus  on  the  hub  and  tip  walls  and  axially  through  the  stage.  This  instrumen¬ 
tation  arrangement  is  illustrated  in  Figure  3.  In  addition,  15  static  pres¬ 
sure  taps  are  arranged  on  the  tip  wall  of  one  stator  passage  to  allow  mapping 
of  the  vane  tip  static  pressure  distribution.  The  stage  inlet  total  tempera¬ 
ture  is  measured  in  the  plenum  chamber  located  upstream  of  the  flow-path  annu¬ 
lus.  All  of  the  pressure  instrumentati'on  is  connected  to  a  six-unit  48-channel 
Scanivalve,  interfaced  with  a  Digitec  scanner  and  driven  by  a  Hewlett-Packard 
(HP)  Model  2117F  computer.  Differential  (0-1.0  psid)  Druck  pressure  transdu¬ 
cers  are  employed  in  the  Scanivalve.  A  deadweight  system  provides  reference 
pressures  of  0.0,  0.5,  and  1.0  psia  to  the  Scanivalve  transducers  for  continu¬ 
ous  on-line  calibration  of  the  pressure  measurement  system. 
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Figure  3.  Low  speed  compressor  stage  steady  and  dynamic  Instrumentation. 


Radial/circumferential  hot-wire  anemometer  surveys  are  performed  in  the  exit 
planes  of  the  rotor  and  stator.  In  addition,  radial /circumferential  surveys 
can  be  performed  at  two  axial  locations  inside  the  stator  passage.  Streamwise 
velocity  and  air  angle  are  determined  by  positioning  the  probe  at  a  fixed  axi¬ 
al,  circumferential,  and  radial  location,  and  then  by  yawing  the  probe  until 
the  output  voltages  of  the  two  hot  wires  are  the  same  value.  OISA  constant- 
temperature  hot-wire  anemometry  equipment  is  used.  The  outputs  are  linearized 
and  compensated  for  temperature  differences  that  exist  between  the  velocity 
calibration  jet  air  stream  and  the  rig  flow  field  environment. 

Dynamic  Instrumentation 

For  time-variant  measurements,  miniature  pressure  transducers  and  a  crossed- 
wire  probe  are  used.  Kulite  thin-line  transducers  are  located  on  the  surfaces 
of  four  stator  airfoils.  These  transducers  are  flush-mounted  by  grooving  the 
surface.  The  grooves,  designed  to  accommodate  the  transducer,  bonding  agent, 
and  lead  wires,  extend  from  the  particular  transducer  through  the  stator  trun¬ 
nion.  The  grooves  are  clearly  seen  in  Figure  4  on  two  of  the  mean-section  in¬ 
strumented  airfoils  used  in  this  experimental  program.  Figure  5  shows  the  lo¬ 
cation  of  the  Kulite  pressure  transducers  on  the  hub  and  tip  sections  and 
leading  and  trailing  edge  regions  of  two  additional  instrumented  airfoils. 
Table  3  lists  radial  and  axial  locations  of  the  gages  on  the  stator  airfoils. 
Figure  6  is  a  schematic  of  the  instrumented  airfoils  and  shows  the  numbering 
system  used.  A  view  of  the  crossed-wire  probe  used  in  the  experiment  is  shown 
in  Figure  7.  In  this  photograph  the  wire  is  located  near  the  center  span  in¬ 
strumented  airfoils. 

In  addition  to  the  dynamic  instrumentation  installed  on  the  vane  suction  and 
pressure  surfaces,  two  LQL -080-505  Kulite  gages  were  installed  on  the  rotor 
suction  and  pressure  surfaces,  respectively,  at  the  blade  trailing  edge  tip 
section.  Signals  from  these  gages  were  led  out  through  a  Meridian  Laboratory 
Model  SN-12  12-channel  mercury  bath  slip  ring  assembly,  which  is  shown  in¬ 
stalled  on  the  LSCF  rotor  face  in  Figure  8. 
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Figure  4.  Vane  mean  section  dynamic  instrument  locations. 


Data  Acquisition  System 

The  central  element  in  the  acquisition  of  the  time-variant  and  steady-state 
data  in  this  experiment  is  a  digital  computer  with  its  specialized  peripheral 
hardware.  An  HP  Model  2117F  computer  operating  under  RTE1VB  software  is  used 
with  a  Preston  GMAD-2  analog-to-digital  (A/D)  conversion  system  to  acquire 
data  at  a  rate  of  50,000  points  per  sec  for  each  of  the  transducers.  For  data 
acquisition  in  the  steady-state  mode,  the  computer  is  interfaced  with  a  Digi- 
tec  scanner,  which  allows  conversion  of  Scanivalve  voltages  to  appropriate 
pressures  as  well  as  calculation  of  operating  temperatures. 
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Figure  5.  Radial  and  chordwise  suction  and  pressure  surface  transducer 

instrument  locations. 

Calibration  of  the  steady-stage  pressure  measuring  system  is  accomplished  au¬ 
tomatically  and  on  line.  A  deadweight  system  provides  reference  pressures  of 


0,  0.5,  and  1.0  psia  to  the  Scanivalve  transducers.  When  the  computer  reads 
these  pressures,  a  linear  curve  fit  is  used  to  establish  a  calibration  curve 
for  each  of  the  six  transducers.  Then  the  data  channels  are  interpreted,  bas¬ 
ed  on  the  proper  curve.  For  time-variant  pressures,  the  instrumented  strators 
were  placed  in  a  pressure  chamber,  and  five  levels  of  pressure,  ranging  from  8 
psia  to  slightly  above  ambient,  were  used  to  construct  a  calibration  curve  for 
each  of  the  installed  transducers.  These  curves  were  read  into  the  computer 
for  transducer  voltage  conversions  to  pressure. 


Table  3. 

Axial  chord  location  of  Kulite  transducers  on  stators 


Kulite  No. 

Span 

from  tip 
(z/!)~* 

From  leading  edge 
(x/C)~* 

1 

50 

2.94 

2 

50 

10.0 

3 

50 

20.0 

4 

50 

30.0 

5 

50 

40.0 

6 

50 

50.0 

7 

50 

60.0 

8 

50 

70.0 

9 

50 

80.0 

10 

50 

90.0 

11 

50 

97.0 

assure  surface 

Suction  surface 

12 

5.0 

3.5 

2.0 

13 

5.0 

14.4 

13.7 

14 

5.0 

45.0 

45.3 

15 

5.0 

74.9 

75.5 

16 

5.0 

89.6 

90.4 

17 

25.0 

3.5 

2.0 

18 

25.0 

89.6 

90.4 

19 

50.0 

3.5 

2.0 

20 

70.0 

3.5 

2.0 

21 

70.0 

89.6 

90.4 

22 

90.0 

3.5 

2.0 

23 

90.0 

14.4 

13.7 

24 

90.0 

45.0 

45.3 

25 

90.0 

74.9 

75.5 

26 

90.0 

89.6 

90.4 

Calibration  of  the  crossed-wire  probe  is  obtained  via  a  controlled  temperature 
air  jet  capable  of  furnishing  velocities  over  the  range  of  interest.  Data  at 
standard  temperature  (room  ambient)  are  obtained  and  represent  a  baseline  ve¬ 
locity  versus  wire  output  voltage  curve.  This  curve  is  linearized  electroni¬ 
cally  using  built-in  features  of  the  anemometry  system.  Corrections  for  tem¬ 
perature  are  made  Internally  in  the  computer  based  on  the  temperature  differ¬ 
ence  from  the  baseline  value. 


The  data  acquisition  sequence  is  divided  into  three  segments:  steady-state 
performance,  measurement  of  dynamic  pressures,  and  measurement  of  wake 
velocity. 
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Figure  7.  View  of  typical  hot-wire  installation  in  low  speed 

compressor  vane  row. 


The  steady-state  data  acquisition  follows  the  standard  format  of  establishing 
corrected  rotor  speed  and  calculating  pressure  ratio,  mass  flow  rate,  and  other 
compressor  performance  parameters. 

Time-variant  measurements  of  the  airfoil  surface  pressures  and  rotor  wakes  re¬ 
quire  additional  hardware  and  software  to  process  the  dynamic  signals.  An  op¬ 
tical  encoder,  which  delivers  a  positive  1.5-microsecond  voltage  spike  during 
each  rotor  revolution,  is  used  to  trigger  the  Preston  A/D  converter.  Each  time 
the  converter  is  triggered,  data  points  are  taken  over  a  time  period  equal  to 
the  passage  time  of  two  rotor  wakes.  These  data  are  stored  in  the  computer  in 
digital  form,  and  the  A/D  trigger  is  reset  by  the  computer.  When  the  encoder 
voltage  spike  is  recognized,  another  sample  of  data  containing  a  number  of 
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Figure  8.  Meridian  Laboratory  12-channel  slip  ring  installed  on  the 
low  speed  compressor  rotor  face. 


points  identical  to  that  of  the  first  sample  is  acquired  and  stored.  Three 
hundred  of  these  samples  (ensembles)  are  acquired  and  stored  for  each  data  se¬ 
quence. 


A  computer  retrieval  algorithm  is  used  to  read  the  data  from  a  disk  storage 
location  and  to  arrange  the  data  according  to  transducer  identification.  The 
data  ensembles  are  averaged  in  a  point-to-point  manner.  Since  each  ensemble 
contains  an  identical  number  of  points,  the  first  point  of  each  ensemble  is 
averaged  over  the  number  of  ensembles,  followed  by  the  second,  etc,  until  all 
points  have  been  averaged.  This  ensemble  overlay  improves  the  ability  to  dis¬ 
tinguish  signals  occurring  at  blade  passage  frequency. 


III.  EXPERIMENTAL  PROGR/W 

The  experimental  effort  for  this  program  was  conducted  in  three  phases:  (1) 
steady-stage  performance  evaluation,  (2)  radial/circumferential  hot-wire  ane¬ 
mometer  surveys  performed  in  planes  at  the  vane  leading  and  trailing  edges, 
and  (3)  vane  surface  three-dimensional  dynamic  pressure  measurement.  As  noted 
earlier,  the  blade  tip  clearance  for  the  present  configuration  (BU  19)  is  0.48% 
span.  The  experimental  results  for  this  configuration  will  be  compared,  where 
possible,  with  the  results  of  Ref.  1  (BU  18)  where  the  stage  configuration  was 
identical  except  the  blade  tip  clearance  was  3.0%  span.  The  clearance  under 
the  vane  hub  was  essentially  zero  for  both  configurations. 

STEADY-STATE  PERFORMANCE 

The  overall  steady-state  performance  for  the  0.48%  span  tip  clearance  config¬ 
uration  is  illustrated  in  Figure  9.  Also  indicated  on  the  figure  are  the  3.0% 
span  tip  clearance  results  from  BU  18.  The  reduction  in  tip  clearance  produced 
an  increase  in  flow,  pressure  ratio,  and  stall  margin. 

Four  steady-state  operating  conditions  were  selected  at  which  to  acquire  and 
evaluate  the  hot-wire  anemometry  and  surface  Kulite  dynamic  pressure  signals. 
Those  points  were  the  same  as  the  ones  selected  for  the  3%  span  tip  clearance 
investigations: 

Data  Point 

1  Open  throttle 

2  Intermediate 

3  Near  design 

4  Near  stall 

Data  point  (DP)  1  represents  the  open  throttle,  maximum  flow-rate/minimum 
pressure  condition  at  design  speed.  DP  2  is  a  point  in  between  the  open 
throttle  and  design  flow  conditions.  DP  3  represents  the  design  conditions 
while  DP  4  is  a  point  between  design  and  stalling  conditions. 
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Figure  9.  Effect  of  blade  tip  clearance  on  overall  stage  pressure 


ratio/flow  rate  characteristics. 

At  each  of  the  four  data  points  noted  in  Figure  9,  the  following  measurements 
were  made: 

o  steady-state  pressures  and  temperatures  throughout  the  stage 
o  hot-wire  anemometry  wake  measurements  at  various  radial/circumferential 
locations  at  the  vane  leading  and  trailing  edge  planes 
o  dynamic  pressure  measurements  from  52  Kulite  gages  on  the  vane  airfoil 
surface 

o  dynamic  pressure  measurements  from  the  two  Kulite  gages  on  the  rotor  tip 
section  trailing  edge 

BLADE  TIP  SECTION  TRAILING  EDGE  DYNWIIC  PRESSURE  RESULTS 

Rotor  blade  tip  section  trailing  edge  Kulite  signals  were  processed  for  the 
four  selected  steady-state  operating  points.  The  results  of  the  magnitude  and 
phase  lag  relationships,  as  a  function  of  stage  loading  from  open  throttle  to 
stall,  are  shown  in  Figure  10.  The  results  indicate  that  these  suction  and 
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Figure  10.  Rotor  tip  section  trailing  edge  dynamic  pressure 
and  phase  lag  variation  with  stage  operating  conditions, 
100%  speed,  0.48%  span  blade  tip  clearance. 


pressure  surface  trailing  edge  dynamic  signals  come  into  phase  with  each  other 
as  the  design  operating  conditions  are  approached.  The  results  also  show  that 
at  open  throttle  conditions  the  magnitude  of  the  dynamic  pressure  was  largest 
on  the  pressure  surface,  but  the  values  on  the  two  airfoil  surfaces  approached 
the  same  magnitude  as  the  stage  was  back-pressured  toward  stall. 

VANE  INLET  CONDITIONS 

At  each  of  the  four  selected  steady-state  operating  points  detailed,  radial/ 
circumferential  hot-wire  surveys  were  performed  at  the  vane  leading  edge. 

This  was  done  to  establish  (1)  the  three-dimensionality  of  both  the  steady  and 
dynamic  flow  fields  entering  the  vane  and  (2)  the  radial  distribution  of  the 
magnitude  and  phase  character  of  the  transverse  fluctuating  velocity  component 
of  the  vane  inlet  flow  field.  The  transverse  fluctuating  velocity  component 
is  a  measure  of  the  unsteady  blade  wake  defect  and  correlates  directly  with 
the  magnitude  of  the  unsteady  pressure  induced  at  the  vane  leading  edge. 

Contour  plots  of  steady  and  dynamic  velocities,  air  angles,  and  phase  angles 
are  presented  in  Figures  11  through  16  for  the  rig  operating  at  near-design 
conditions.  Contour  plots  of  these  parameters  have  similar  shape  and  charac¬ 
teristics  at  other  selected  operating  points  and  will  not  be  presented  here. 

Figure  11  presents  the  vane  inlet  absolute  velocity  field.  Near-design  condi¬ 
tions  are  essentially  established  in  the  outer  two-thirds  of  the  airfoil. 
Casing  endwall  boundary  layer  effects  are  apparent  in  the  tip  region  flow 
field.  In  the  inner  one-third  span  region  the  velocity  level  increases  as  the 
hub  wall  is  approached.  This  was  due  to  overcambering  with  subsequent  over¬ 
pressuring  by  the  rotor.  The  presence  of  the  vanes,  as  noted  by  the  vane 
leading  edge  locations  in  Figure  11,  exerts  a  strong  influence  on  the  leading 
edge  plane  velocity  field.  At  all  radial  locations,  except  near  the  tip  end- 
wall  where  boundary  layer  effects  dominate,  the  flow  decelerates  as  the  vane 
leading  edge  is  approached  in  the  circumferential  direction. 
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Figure  11.  Vane  leading  edge  absolute  velocity  contours  at  near-design 
operating  conditions,  0.48%  span  blade  tip  clearance. 


Figure  12.  Vane  leading  edge  air  angle  contours  at  near-design 
operating  conditions,  0.48%  span  blade  tip  clearance. 


Figure  13.  Vane  leading  edge  streamwise  fluctuating  velocity  component  All 
at  near-design  operating  conditions,  0.48%  span  blade  tip  clearance. 

Vane 
leading 
edge 


Transverse  fluctuating 
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Figure  14.  Vane  leading  edge  transverse  fluctuating  velocity  component  AV 
at  near-design  operating  conditions,  0.48%  span  blade  tip  clearance. 
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Figure  15.  Vane  leading  edge  streamwise  fluctuating  velocity  component  phase 
lag  angle  at  near-design  operating  conditions,  0.48%  span  blade  tip  clearance. 


Figure  16.  Vane  leading  edge  transverse  fluctuating  velocity  component  phase 
lag  angle  at  near-design  operating  conditions,  0.48%  span  blade  tip  clearance. 


Vane  inlet  angle  contours  are  illustrated  in  Figure  12.  Again,  large  changes 
are  noted  as  both  the  hub  and  the  tip  entails  are  approached.  The  presence 
of  the  vane  leading  edges  also  results  in  an  increase  in  air  angle  as  the  vane 
is  approached  in  the  circumferential  direction. 

Figures  13  and  14  show,  respectively,  the  distribution  of  the  streamwise  and 
transverse  fluctuating  velocity  component  magnitudes  in  the  radial  and  circum¬ 
ferential  directions.  These  components  are  the  result  of  the  velocity  defect 
of  the  blade  wake  that  passes  the  vane  leading  edge. 

Figures  11  through  16  show,  in  general,  that  both  All  and  AV  are  fairly  uni¬ 
form  circumferentially.  The  exception  to  that  can  be  noted  in  Figure  13, 
where  there  is  a  sharp  gradient  in  AU  in  the  vane  leading  edge  hub  region. 

Phase  lag  angles  of  the  streamwise  and  transverse  fluctuating  velocity  compo¬ 
nents  are  shown  in  Figures  15  and  16,  respectively.  All  phase  angles  are  mea¬ 
sured  relative  to  the  encoder  signal;  and  to  be  consistent  with  previous  work 
of  Ref.  1,  all  phase  angles  are  considered  as  lagging  (-)  angles.  Since  the 
encoder  triggered  the  reference  signal  at  precisely  the  same  time  for  each  ro¬ 
tor  revolution,  the  phase  angle  is  a  measure  of  time  for  the  disturbance  sig¬ 
nal  (wake  defect)  to  move  from  one  position  to  another.  For  example.  Figures 
15  and  16  show  that  in  the  neighborhood  of  one  vane  leading  edge  the  phase  lag 
angle  was  around  zero,  while  it  was  approximately  400  deg  at  the  next  vane  in 
the  counterclockwise  direction.  That  is,  the  disturbance  signal  moved  past 
one  vane  leading  edge  about  400  deg  after  it  had  passed  its  clockwise  neighbor. 
Figures  15  and  16  show  that  the  inner  two-thirds  span  of  and  all  of  4>  AV 
are  essentially  independent  of  radial  position.  is,  however,  strongly 

influenced  by  the  tip  endwall  and  the  presence  of  the  vane  leading  edges  in 
the  outer  one-third  span  of  the  vane  passage. 

Figures  17  and  18  show  the  radial  distribution  of  nondimensionalized  AV/Uabs 
and  its  phase  angle  in  the  vane  leading  edge  plane  midway  between  vanes.  Those 
figures  also  show  (1)  the  influence  of  stage  loading  and  (2),  by  way  of  the 
Ref.  1  results,  the  impact  of  blade  tip  clearance  on  A V/Uat)S  and  ^AV.  In 
general,  the  disturbance  quantity,  AV/Uab$  increased  with  increased  loading, 
having  the  largest  values  in  the  endwall  regions.  Although  there  was  some  ra¬ 
dial  redistribution,  with  the  exception  of  the  near-stall  condition,  the  reduced 
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Figure  17.  Influence  of  blade  tip  clearance  on  normalized  transvers 
fluctuating  velocity  component  at  vane  inlet  midpassage,  100%  speed. 


Figure  18.  Influence  of  blade  tip  clearance  on  phase  angle  of  the  normalized 
transverse  fluctuating  velocity  component  at  vane  inlet  midpassage,  100%  speed. 

tip  clearance  produced  a  smaller  value  of  AV/U^  in  the  tip  end  region. 

Figure  18  also  shows  that  the  small  blade  tip  clearance  results  produced  a 
much  larger  variation  and,  generally,  a  reduced  phase  lag  angle  in  comparison 
with  the  larger  3%  span  blade  tip  clearance  results. 

VANE  SURFACE  DYN/WIC  PRESSURE  RESULTS 


Vane  Surface  Dynamic  Pressure  Magnitude 

Dynamic  pressure  magnitude  results  for  the  near-tip  section  gages  are  presented 
in  Figures  19,  20,  and  21  for  the  0.48%  and  3.0%  blade  span  tip  clearance  con¬ 
figurations.  As  shown  in  Figure  19,  the  dynamic  pressure  difference  across  the 
airfoil  tip  section  was  substantially  reduced  when  the  blade  tip  clearance  and. 
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Figure  19.  Influence  of  blade  tip  clearance  on  dynamic  pressure  differential 
across  vane  near-tip  section,  100*  speed. 

hence,  wake  defect  forcing  function  were  reduced.  For  example,  at  the  near¬ 
design  operating  condition  the  vane  tip  leading  edge  dynamic  pressure  differ¬ 
ence  was  reduced  32*  when  the  blade  tip  clearance  was  reduced  from  3.0*  to 
0.48*  span.  Figures  20  and  21  illustrate  that  most  of  the  dynamic  pressure 
magnitude  reduction  was  accomplished  on  the  vane  suction  surface. 

Figure  22  illustrates  that  a  very  slight  influence  of  the  blade  tip  clearance 
on  the  vane  passage  flow  field  was  still  present  at  the  vane  mean  section. 
Continuing  on  to  the  hub  region.  Figure  23  shows  that  there  was  no  discernible 
influence  of  the  blade  tip  clearance  on  the  vane  hub  region  passage  flow  field. 
Figures  24  and  25  add  additional  support  by  illustrating  that  the  gage  response 
on  both  the  hub  section  suction  and  pressure  surfaces  was  unchanged  by  a  sig¬ 
nificant  reduction  in  blade  tip  clearance. 

To  further  define  how  far  radially  inward  the  blade  tip  clearance  effects  pen¬ 
etrate,  Figure  26  presents  a  radial  distribution  of  the  vane  leading  edge  gage 
dynamic  pressure  response.  In  addition  to  the  near-hub,  mean,  and  near-tip 
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Figure  20.  Influence  of  blade  tip  clearance  on  dynamic  pressure  magnitude  on 
vane  near-tip  section  pressure  surface,  100%  speed. 
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Figure  21.  Influence  of  blade  tip  clearance  on  dynamic  pressure  magnitude 
on  vane  near-tip  suction  surface,  100%  speed. 


section  data,  gage  response  information  was  acquired  at  the  20%  and  70%  from 
tip  section  span  locations.  The  illustration  shows  that  the  blade  tip  clear¬ 
ance  effects  were  quite  evident  at  the  20%  from  tip  span  location.  A  slight 
effect  is  evident  at  the  mean  section.  Figures  27  and  28  document  that  along 
the  leading  edge,  the  influence  of  blade  tip  clearance  on  the  dynamic  pressure 
flow  field  shows  up  principally  as  a  reduction  in  dynamic  pressure  response  on 
the  suction  surface.  The  leading  edge  pressure  surface  was  only  slightly  af¬ 
fected. 


Gust  analysis  procedures  such  as  those  described  in  Refs.  3  and  4  employ  the 
so-called  strip  assumption.  That  is,  disturbance  effects  are  assumed  not  to 
migrate  radially  as  the  disturbance  propagates  downstream.  The  present  re¬ 
sults  show  that  for  the  large  blade  tip  clearance  configuration  (i.e.,  3.0% 
span)  a  significant  radial  migration  took  place.  Therefore,  for  large  clear¬ 
ance  configurations,  the  gust  analysis  should  probably  be  limited  to  analyzing 
airfoil  mean  sections. 

It  is  of  interest  to  highlight  how  far  into  the  vane  passage  the  blade  tip 
clearance  effects  penetrate.  The  dynamic  pressure  difference  across  the  vane 
trailing  edge  is  presented  in  Figure  29.  Although  the  signal  strength  is 
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Influence  of  blade  tip  clearance  on  dynamic  pressure  differential 
across  vane  mean  section,  100%  speed. 
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Figure  23.  Influence  of  blade  tip  clearance  on  dynamic  pressure 
differential  across  vane  near-hub  section,  100%  speed. 
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Figure  24.  Influence  of  blade  tip  clearance  on  vane  near-hub  pressure 
surface  dynamic  pressure  magnitude,  100%  speed. 
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Figure  25.  Influence  of  blade  tip  clearance  on  vane  near-hub  suction 
surface  dynamic  pressure  magnitude,  100%  speed. 

quite  small.  Figure  29  does  indicate  that  a  reduction  in  blade  tip  clearance 
can  effect  a  reduction  in  the  vane  trailing  edge  dynamic  pressure  response 
from  the  tip  section  down  to  at  least  the  mean  section. 

Vane  Surface  Phase  Lag  Angle 

The  phase  lag  angle  (measured  relative  to  the  encoder  trigger  signal)  of  the 
dynamic  pressure  difference  across  the  vane  at  the  tip,  mean,  and  hub  sections 
is  shown  in  Figures  30,  31,  and  32.  These  results  indicate  that,  in  general, 
the  reduction  in  blade  tip  clearance  produced  a  reduction  in  the  phase  lag 
angle  at  the  tip  section.  Considering  the  accuracy  with  which  phase  angle  can 
be  determined.  Figures  31  and  32  suggest  no  impact  of  blade  tip  clearance  ef¬ 
fects  on  phase  lag  angle  at  the  mean  and  Y  sections.  Worthy  of  note  is  the 
large  change  in  phase  lag  angle  between  40%  and  50%  chord  at  the  mean  section 
of  Figure  31.  The  phase  angle  variation  is  pr»  *nt  in  both  the  3.0%  and  the 
0.48%  span  blade  tip  clearance  data.  A  rational  explanation  for  this  abrupt 
change  in  phase  angle  does  not  exist,  and  it  is  not  predictable  by  present  an- 
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igure  26.  Influence  of  blade  tip  clearance  on  dynamic  pressure  differential 
across  vane  leading  edge,  100%  speed. 
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Figure  27.  Influence  of  blade  tip  clearance  on  dynamic  pressure 
magnitude  on  vane  leading  edge  pressure  surface,  100%  speed. 
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Figure  28.  Influence  of  blade  tip  clearance  on  dynamic  pressure 
magnitude  on  vane  leading  edge  suction  surface,  100%  speed. 

alysis  procedures  (as  was  noted  in  Ref.  1).  Vane  leading  edge  phase  lag  data 
are  presented  in  Figure  33  for  the  dynamic  pressure  difference  across  the  air¬ 
foil  and  in  Figures  34  and  35  for  the  suction  and  pressure  surface  details, 
respectively.  Interestingly  enough,  there  was  no  significant  effect  of  blade 
tip  clearance  on  phase  lag  angle  at  the  leading  edge.  Figures  34  and  35  show 
perhaps  a  slight  reduction  in  phase  lag  angle  at  the  tip  section  but  a  slight 
increase  at  20%  span  from  the  tip.  These  variations  may  be  due  to  scatter  in 
ability  to  accurately  claculate  phase  angle.  Figure  36  shows  a  reduction  in 
dynamic  pressure  difference  phase  lag  angle  in  the  trailing  edge  tip  region 
with  a  reduction  in  blade  tip  clearance.  There  were  no  discernible  effects  of 
tip  clearance  on  phase  lag  angle  at  other  radial  locations  along  the  trailing 
edge. 

Vane  Surface  Pressure--Phase  Contour  Plots 
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The  experimental  information  presented  in  the  discussions  above  represents  a 
quantitative  description  of  the  influence  of  blade  tip  clearance  on  the  dynam¬ 
ic  pressure  and  phase  characteristics  induced  on  a  vane  by  a  moving  upstream 
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Figure  29.  Influence  of  blade  tip  clearance  on  dynamic  pressure  differential 

at  vane  trailing  edge,  100%  speed. 


rotor.  However,  those  discussions  have  been  limited  to  examining  hub,  mean, 
and  tip  sections,  leading  and  trailing  edge  regions,  etc,  individually  without 
being  able  to  construct  a  picture  of  the  dynamic  pressure  characteristic  dis¬ 
tribution  over  the  complete  vane  airfoil.  One  data  set  was  selected  from  which 
such  a  three-dimensional  picture  was  constructed.  The  data  point  selected  was 
the  near-design  operating  point  with  the  0.48%  span  blade  tip  clearance  con¬ 
figuration.  Figure  37  presents  a  three-dimensional  plot  of  the  dynamic  pres¬ 
sure  on  the  entire  vane  surface  by  the  upstream  moving  rotor.  The  vane  is  un¬ 
wrapped  about  its  leading  edge.  The  first  observation  that  is  apparent  is  the 
large  ridge  of  dynamic  pressure  at  the  vane  leading  edge.  It  has  a  minimum 
value  at  about  two-thirds  span  from  the  hub,  rising  to  a  sharp  peak  at  the  tip 
and  to  a  very  large  value  in  the  hub  region.  The  dynamic  pressure  falls  away 
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Figure  30.  Influence  of  blade  tip  clearance  on  dynamic  pressure  differential 
phase  lag  angle  at  vane  near-tip  section,  100%  speed. 


rapidly,  moving  away  from  the  leading  edge,  and  then  undulates  over  gentle 
hills  and  valleys  as  the  trailing  edge  is  approached.  The  dynamic  pressure 
rises  again  at  the  trailing  edge. 

The  wake  defect  forcing  function  at  the  tip  is  due  to  leakage  flow  through  the 
tip  clearance  gap,  the  endwall  boundary  layer  flow  along  the  casing,  and  the 
blade  trailing  edge  wake.  (This  will  be  made  more  clear  by  examining  the 
oscilloscope  traces  in  Figure  40.)  Since  (1)  the  operating  point  selected  is 
near  design  and  (2)  a  tip  clearance  of  0.48%  span  is  a  very  small  value,  the 
tip  section  trailing  edge  wake  defect  is  probably  a  minimum  value  and,  there¬ 
fore,  the  dynamic  pressure  response  at  the  tip  ic  :lso  probably  a  minimum  val¬ 
ue.  The  huge  magnitude  of  dynamic  pressure  in  the  hub  region  is  due  to  the 
very  poor  flow  conditions  generated  in  the  rotor  hub  region.  Radial/circum¬ 
ferential  hot  wire  survey  results  of  Figures  11  and  12  shown  earlier  illu- 
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Figure  31.  Influence  of  blade  tip  clearance  on  dynamic  pressure 
differential  phase  lag  angle  at  vane  mean  section,  100%  speed. 


strated  high  velocity  and  very  large  air  angles  with  subsequent  very  large 
values  of  incidence  angle  implied  on  the  vane  leading  edge  in  the  inner  one- 
third  of  the  vane  span.  These  conditions  led  to  very  large  rotor  hub  wake 
defects  (as  will  also  be  shown  in  Figure  40),  which  resulted  in  large  values 
of  induced  dynamic  pressure  on  the  vane  hub  region  leading  edge. 


A  similar  three-dimensional  plot  of  phase  lag  angle  distribution  on  the  vane 
surface  for  the  same  stage  operating  condition  was  constructed  and  is  presented 
in  Figure  38.  It  may  be  noted  there  is  not  a  strong  radial  influence  on  phase 
angle,  but  there  are  strong  chordwise  variations.  For  example,  a  phase  dif¬ 
ference  of  over  200  deg  exists  between  the  suction  and  pressure  surfaces  in 
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Figure  32.  Influence  of  blade  tip  clearance  on  dynamic  pressure 
differential  phase  lag  angle  at  vane  near-hub  section,  100%  speed. 
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Figure  33.  Influence  of  blade  tip  clearance  on  dynamic  pressure 
differential  phase  lag  angle  at  vane  leading  edge,  100%  speed. 
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Figure  34.  Influence  of  blade  tip  clearance  on  suction  surface  dynamic 
pressure  phase  lag  angle  at  vane  leading  edge,  100%  speed. 
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Figure  35.  Influence  of  blade  tip  clearance  on  pressure  surface  dynamic 
pressure  phase  lag  angle  at  vane  leading  edge,  100%  speed. 

the  leading  edge  region.  As  one  moves  away  from  the  leading  edge,  the  two 
surfaces  are  nearly  180  deg  out  of  phase  until  the  40%-50%  chord  location  is 
reached.  There,  the  phase  lag  angle  on  the  suction  surfaces  changes  abruptly 
to  be  essentially  in  phase  with  the  pressure  surface.  The  phase  lag  angle 
then  increases  again  to  its  large  negative  value  on  the  suction  surface  to  be 
out  of  phase  with  the  pressure  surface  values.  This  chordwise  behavior  of 
phase  angle  has  been  observed  in  all  previous  experiments  with  the  stage  hard¬ 
ware  employed  in  the  present  investigation.  The  rapid  change  of  suction  sur¬ 
face  phase  lag  angle  at  approximately  50%  chord  is  not  understood. 

DYNAMIC  SIGNAL  OSCILLOSCOPE  TRACES  AND  HARMONIC  CONTENT 

Each  time  a  vane  surface  dynamic  pressure  or  vane  inlet  and  exit  plane  hot-wire 
signal  was  acquired  for  harmonic  analysis,  an  oscilloscope  trace  record  of  that 
signal  was  also  obtained.  To  help  clarify  where  these  data  were  taken  refer 
to  Figure  39.  That  illustration  is  an  aft-looking-forward  vie*  of  the  vane 
passage  showing  the  following: 

o  Kulite  gage  locations 

o  vane  leading  and  trailing  edge  radial/circumferential  planes 
o  vane  span  dimensions 

o  circumferential  coordinates  when  radial  hot-wire  surveys  were  performed 
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Figure  36.  Influence  of  blade  tip  clearance  on  dynamic  pressure 
differential  phase  lag  angle  at  vane  trailing  edge,  100%  speed. 
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Figure  37.  Unwrapped  vane  dynamic  pressure  distribution:  0.48% 
blade  tip  clearance,  near-design  operating  conditions. 


Figure  38.  Unwrapped  vane  phase  lag  distribution:  0.48%  blade  tip 
clearance,  near-design  operating  conditions. 


For  example,  in  the  leading  edge  plane,  the  survey  performed  at  0  =  5.8  deg 
was  very  near  the  leading  edge  of  one  of  the  vanes,  and  0=2  deg  represents  a 
near-midpassage  circumferential  location. 

In  the  vane  trailing  edge  plane,  0  =  0.1  deg  and  8.7  deg  represents  surveys 
performed  near  the  trailing  edge  of  the  vanes.  A  circumferential  location 
of  0  =  4  deg  represents  a  midpassage  circumferential  location  in  the  vane 
trailing  edge  plane. 

Figures  40,  41,  and  42  illustrate,  respectively,  hot-wire  signal  results  ob¬ 
tained  from  the  vane  inlet  plane  survey,  the  vane  suction  and  pressure  surface 
Kulite  gage  response,  and  the  vane  trailing  edge  hot-wire  signals  when  the 
0.48%  span  tip  clearance  configuration  was  operating  at  near-design  speed, 
flow,  and  pressure  ratio  conditions. 

Considering  Figure  40  first,  the  two  signals  in  each  frame  represent  fluctuat¬ 
ing  velocity  components  in  the  transverse  and  streamwise  directions.  Near  the 
midspan  region  (i.e.,  between  r  =  21.61  and  r  =  23.208),  the  blade  wakes  are 
seen  to  be  well  defined.  However,  as  the  hub  is  approached,  the  fluctuating 
signal  increases  in  strength  and  the  blade  wake  are  less  well  defined.  The 
condition  is  due  to  the  boundary  layer  buildup  with  subsequent  corner  vortex 
formation  on  the  blade  hub  endwall.  Out  near  the  tip,  the  blade  trailing  edge 
wake  is  still  discernible,  but  the  flow  is  dominatea  by  the  blade  tip  clear¬ 
ance  vortex  formation.  A  phase  shift  in  the  signals  is  apparent  in  the  cir¬ 
cumferential  direction  at  constant  radius;  however,  no  significant  phase  vari¬ 
ation  is  seen  in  the  radial  direction. 

Figure  41  shows  the  axial  and  radial  variation  in  suction  and  pressure  Kulite 
gage  response  for  the  compressor  operating  at  near-design  conditions.  It  can 
be  seen  that  the  rotor  wake-induced  pressure  signal  is  strong  and  well  defined 
at  blade  passing  frequency  at  the  vane  leading  edge.  Inside  the  passage, 
though,  a  high  frequency  disturbance  is  superimposed  on  the  blade  passing  fre¬ 
quency  signal  and  remains  evident  to  the  vane  trailing  edge.  The  condition  is 
observed  to  occur  at  all  of  the  instrumented  radial  sections. 
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Figure  41.  Design  flow  conditions--vane  suction  and  pressure 
surface  Kulite  gage  response  (0.48%  span  tip  clearance). 


Considering  now  the  vane  trailing  edge  survey  results  of  Figure  42,  it  can  be 
seen  that  the  signals  are  substantially  attenuated  from  the  leading  edge  plane 
levels.  In  the  midpassage  region  (6=  4  deg)  the  blade  passage  frequency  dis¬ 
turbance  is  still  apparent,  but  it  becomes  progressively  less  distinct  as  the 
endwall  regions  are  approached.  The  circumferential  locations  of  6-  0.1  deg 
and  8.7  deg  represent,  at  least  in  the  outer  half  portion  of  the  flow  path, 
surveys  performed  along  the  trailing  edges  of  adjacent  vanes.  The  same  higher 
frequency  disturbance  that  was  observed  on  the  vane  surface  is  noted  at  these 
two  trailing  edge  locations. 

This  observation  is  documented  first  by  considering  Figure  43,  which  is  a  pre¬ 
sentation  of  the  harmonic  content  of  each  Kulite  gage  signal  on  the  vane  sur¬ 
face  when  the  small  tip  clearance  stage  configuration  was  operating  at  near¬ 
design  conditions.  That  figure  shows  the  harmonic  content  of  the  first  six 
harmonics  of  the  gages  placed  at  their  respective  chordwise  locations  on  the 
vane  at  the  hub,  mean,  and  tip  sections.  The  first  harmonic  is  the  blade 
passing  frequency.  Higher  harmonics  are  disturbances  that  are  superimposed  on 
the  blade  passing  frequency.  Figure  43  shows  that  in  the  vane  leading  edge 
region,  where  the  signal  is  somewhat  sinusoidal  and  the  blade  passing  frequen¬ 
cy  is  well  defined,  the  harmonic  content  of  the  signal  is,  principally,  the 
first  harmonic.  As  the  flow  proceeds  along  the  vane  surface,  a  fourth  har¬ 
monic  becomes  apparent  around  155K-20X  chord  on  both  surfaces  and  remains  evi¬ 
dent,  particularly  in  the  hub  and  tip  regions  all  the  way  to  the  trailing  edge. 

Examination  of  the  harmonic  content  of  the  vane  leading  edge  hot-wire  survey 
results  of  Figure  42  showed  that  nowhere  was  the  fourth  harmonic  the  dominate 
harmonic.  However,  it  should  be  noted  that,  because  of  the  fairly  complicated 
blade  wake  signal,  harmonic  analysis  of  these  signals  did  produce  not  only  the 
dominate  first  harmonic  but  also  higher  harmonics  that  generally  were  of  siz¬ 
able  magnitude.  These  higher  harmonics  progressively  reduced  in  magnitude 
with  ascending  harmonic  number. 

In  Figure  44,  three  outer  radial  locations  at  three  circumferential  positions 
(adjacent  vane  trailing  edges  and  midpassage)  were  selected  to  demonstrate  vane 
exit  plane  harmonic  content.  That  illustration  shows  that  it  is  principally 
the  fourth  harmonic  that  is  dominant  at  the  trailing  edges,  but  it  is  not  evi- 
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Figure  44.  Vane  trailing  edge  plane  near-tip  region  fluctuating  velocity 
harmonic  content  for  0.48%  blade  tip  clearance, 
near-design  operating  conditions. 


dent  in  the  midpassage  region.  Thus,  it  is  concluded  that  the  high  frequency 
disturbance  is  an  airfoil  surface  condition  and  is,  in  fact,  thought  to  be  the 
result  of  Tollmien-Schlichting  waves  emanating  from  the  transition  region  on 
the  forward  portion  of  the  vane,  along  the  vane  surface  to  the  trailing  edge 
plane.  This  same  phenomenon  has  been  observed  by  Dring  et  al.  (Ref.  3)  on  a 
dynamically  instrumented,  single-stage  research  turbine. 
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IV.  CONCLUSIONS 


Fluctuating  static  pressure  and  hot-wire  wake  measurements  have  been  performed 
in  the  DDA  single-stage  low  speed  compressor  operating  over  a  range  of  flows, 
speeds,  and  pressure  ratios  with  a  small  value  (0.48%  span)  of  blade  tip 
clearance.  Based  on  the  analysis  of  these  results  and  comparisons  with  simi¬ 
lar  but  larger  (3.0%  span)  tip  clearance  results,  the  following  conclusions 
are  drawn: 

1.  Rotor  tip  section  trailing  edge  dynamic  pressure  results  showed  that  suc¬ 
tion  and  pressure  surface  measurements  both  approach  the  same  magnitude  of 
phase  angle  as  the  compressor  stage  was  loaded  from  open  throttle  to  de¬ 
sign  conditions. 

2.  Vane  inlet  radial/circumferential,  hot-wire  surveys  showed  poor  flow  con¬ 
ditions,  which  were  generated  within  the  rotor  passage,  produced  large 
values  of  velocity  level  and  overturning  in  the  inner  one-third  of  the 
annulus. 

3.  The  quantity  AV/Uabs  has  been  identified  as  the  disturbance  quantity 
and  is  a  measure  of  the  magnitude  of  the  blade  wake  velocity  defect.  In 
general,  AV/uabs  increased  with  stage  loading.  Also,  a  reduction  in 
blade  tip  clearance  generally  resulted  in  a  reduction  of  AV/Uabs  magni¬ 
tude  and  phase  lag  angle  in  the  vane  leading  edge  tip  region  of  the  flow 
path. 

4.  The  dynamic  pressure  across  the  airfoil  section  was  substantially  reduced 
when  the  blade  tip  clearance  and,  hence,  wake  forcing  function  were  re¬ 
duced.  At  the  near-design  operating  condition,  the  vane  tip  leading  edge 
dynamic  pressure  difference  was  reduced  32%  when  the  blade  tip  clearance 
was  reduced  from  3.0%  to  0.48%  span. 

5.  The  reduction  in  leading  edge  dynamic  pressure  was  accomplished  principal¬ 
ly  on  the  suction  surface  of  the  vane. 
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6.  A  substantial  radial  migration  of  the  disturbance  effects  was  noted  for 
the  large  tip  clearance  configurations.  Because  of  zero  radial  migration 
strip  assumption  of  available  gust  analysis  codes,  for  large  tip  clearance 
configurations  those  procedures  should  be  limited  to  airfoil  mean-section 
analysis. 

7.  In  general,  a  reduction  in  blade  tip  clearance  produced  a  reduction  in 
vane  tip  region  disturbance  phase  lag  angle. 

8.  During  the  course  of  vane  exit  hot-wire  surveys,  a  high  frequency  (fourth 
harmonic)  was  observed  to  occur  along  only  the  vane  trailing  edge  span. 
This  disturbance  frequency  correlated  directly  with  a  fourth  harmonic  dis¬ 
turbance  that  had  been  observed  to  develop  on  the  vane  surface  around 
15X-20%  chord  and  to  be  present  all  the  way  to  the  trailing  edge.  A  pos¬ 
sible  explanation  for  this  high  frequency  disturbance  is  that  it  is  the 
result  of  Tollmien-Schlichting  waves  emanating  from  the  transition  region 
on  the  forward  portion  of  the  vane. 


V.  RECOMMENDATIONS 


The  findings  of  this  investigation  included  very  limited  dynamic  pressure  in¬ 
formation  for  the  compressor  rotor  system.  It  is  recommended  that  a  new  pro¬ 
gram  be  initiated  where  the  compressor  rotor  blades  are  heavily  instrumented 
with  very  high  quality  surface  dynamic  pressure  gages  at  several  radial  loca¬ 
tions.  The  instrumented  rotor,  in  conjunction  with  the  in-place  steady  and 
dynamic  instrumentation,  would  allow  high  quality  investigations  and  determin¬ 
ation  of  blade/vane  interactions  as  functions  of  blade/vane  axial  gap,  blade 
tip  clearance,  and  stage  operating  condition.  The  research  would  certainly 
lead  to  improved  understanding  of  aerodynamical ly  induced  vibration. 
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LIST  OF  SYMBOLS 


AR 

C 

D 

Df 

i 

1 

le 

N 

N/V* 

AP 

R 

Rc 

s 

te 

Uabs 

Ut 

AU 

AV 

W 

W  V*  /« 

x 

z 


Aspect  ratio,  l  /C 
True  chord,  in. 

Diameter,  in. 

Diffusion  factor 

Incidence  angle,  (jS^  -Pm),  deg 

Airfoil  height,  in. 

Leading  edge  radius,  in. 

Shaft  speed,  rpm 
Corrected  shaft  speed,  rpm 

Pressure  difference  across  airfoil,  (Psp  -  P$s),  psia 
Radial  coordinate,  in. 

Pressure  ratio 
Airfoil  spacing,  in. 

Trailing  edge  radius,  in. 

Stator  inlet  midpassage  freestream  absolute  velocity,  ft/sec 

Blade  tip  speed,  ft/sec 

Blade  corrected  tip  speed,  ft/sec 

Streamwise  fluctuating  velocity  component,  ft/sec 

Transverse  fluctuating  velocity  component,  ft/sec 

Flow  rate,  lb/sec 

Corrected  flow  rate,  lb/sec 

Axial  coordinate,  in. 

Coordinate  from  airfoil  tip,  in. 


GREEK  SYMBOLS 

#1  Inlet  air  angle,  deg 

@2  Exit  air  angle,  deg 

8  Ratio  of  compressor  inlet  total  pressure  to  absolute  pressure  at 

standard  sea  level  conditions 
1  Efficiency,  % 

®  Ratio  of  compressor  inlet  total  temperature  to  total  temperature 

at  standard  sea  level  conditions 
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6  Circumferential  coordinate,  deg 

<r  Solidity,  <r  =  C/s 

$  Airfoil  camber  angle,  deg 

^  Phase  angle,  deg 

u  Total  pressure  loss  coefficient 


SUBSCRIPTS 


b  blade 

h  hub 

AP  dynamic  pressure  difference  across  vane 

ps  pressure  surface 

ss  suction  surface 

t  tip 

TT  Total-to-total 

AU  Streamwise  fluctuating  component 

A V  Transverse  fluctuating  component 

v  vane 
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